Abstract Formulations for the total fluorescence intensity of fluorescent microspheres in slabs of cardiac tissue were determined experimentally and theoretically. The tissue depth, at which the slab can be considered as a semi-infinite turbid medium, and critical layer thickness, which accounts for the most emission intensity were evaluated to be 8-9 and 3-5 mm, respectively, for the cardiac tissue. When fluorescent microspheres are linearly distributed across the slab depth, the mean absorption of them is proportional to the sum of their normalized total emissions in the slab excited from both sides. The formulations may be used for the fluorescence images analysis of cardiac and other biological tissues.
Introduction
Fluorescence of biological tissues has been discussed in multiple reviews [1, 2] . They consider intrinsic fluorescence originating from biological chromophores like aromatic amino acids, fluorescent cross-links in collagen and elastin, fluorescent cofactors, etc. Other type of fluorescent agents, which are employed to solve biomedical problems, are fluorescent dyes. Among many other applications of the dyes, fluorescent dye-labeled microspheres were found to be extremely useful for measurements of coronary flow. The microspheres made of polystyrene loaded with appropriate dye prevent its washout into the aqueous media when injected into the blood circulation. The diameter of microspheres (typically 10-15 μm) is larger than the diameter of capillaries (∼5 μm), which results in the entrapment of microspheres in cardiac tissue in proportion to coronary flow. Subsequent extraction of microspheres and dye from pieces of tissue allows quantification of their content and hence coronary flow in three dimensions. However the method is laborious and spatial resolution is limited by tissue cube size (l=2-3 mm) as the microsphere amount is inversely proportional to l 3 [3, 4] . In an attempt to overcome the limitations of the "destruction & extraction" method, fluorescence imaging of fluorescent microspheres in biomedical samples was employed for qualitative and quantitative characterization of microsphere deposition and blood flow [5] [6] [7] . In particular, fluorescence images of frozen thin (30 μm) rabbit heart slices were shown to quantify fluorescent microspheres deposited in the cardiac tissue [7] .
An advantage of fluorescence imaging is the noninvasive analysis of biological tissue as a whole without additional physical or chemical destruction. An optical image is a 2D map of some optical parameter value across the tissue surface. The known inverse problem may be formulated as a determination of fluorescent inclusions in the tissue depth from 2D intensity distribution [8] . The solution of such problems has been shown to lead to a 3D reconstruction of spatial distribution of fluorescent sources from initial 2D data [8] [9] [10] .
The present paper presents results showing how fluorescence intensity in 2D images of cardiac tissue slices depends on fluorescence centers inside the slice. This task resembles a problem of determination of the position of fluorescent inclusions from the 2D intensity distribution recorded by a CCD camera (the inverse problem) [8] . Most of the inverse problem results were obtained using model calculations. Our goal was to experimentally find a quantitative link between the measured 2D fluorescence image of real biological tissue surface and inside-tissue fluorophore quantity. For this we employed fluorescent microspheres distributed in pig cardiac tissue, which are routinely used for visualization and determination of blood flow in the heart in vivo.
Experimental section
In the present study, FluoSpheres® dark red (645/680) polystyrene fluorescent microspheres (FS) of 15.4±0.2 μm diameter (Invitrogen-Molecular probes; cat. #F8843) were used as recommended for blood flow determination [3] . Emission and excitation spectra of an FS suspension are shown in Fig. 1 . Five ml of sonicated FS suspension (1× 10 6 microspheres per ml) were injected through the apex into the left ventricle while the aorta was clamped for a few seconds directing all ejected blood and FS to the coronary circulation. The heart was arrested with cardioplegic solution, isolated and cut into slices of 3-6 mm thickness across the heart long axis (from the apex to the base). The Slices were stored in buffered formalin solution35% formaldehyde, 0.40% NaH 2 PO 4 , 0.65% Na 2 HPO 4 . The slice sides facing the apex or the base are called apex (A) or base (B) sides, respectively. For fluorescence imaging, a slab of about 3.3 cm 2 ×0.9 cm≈30 cm 3 was cut from the middle slice parallel to the short axis representing the left ventricular wall. Immediately before imaging the slab was washed in deionized water and blotted with paper tissue. Photographs of this piece are shown in Fig. 3a and c. Figure 2 shows schematics of the fluorescence image measurements. Fluorescence was excited by the light of six 650 nm laser diodes (Thorlab model DL3147-60 diodes of 7 mW emission output, the actual wavelength at room temperature was 653 nm). Illumination at 653 nm provides almost maximal excitation (Fig. 1) . Each diode emitted a non-collimated elliptical light beam with divergence of about ±5°for the short axis and ±15°for the long axis of an ellipse at half of maximum intensity. Long axis divergence is schematically represented in Fig. 2B . The diodes were placed at 17.7 cm distance from the slab surface. Three Fig. 1 The spectra of transmittance of the KC-18 glass filter (1), emission (2) and excitation (3) of FluoSpheres® polystyrene 15 μm dark red (645/680) fluorescent microspheres (FS). The product of the emission spectrum and the glass filter transmittance (4) shows the real fluorescence spectrum collected by the CCD camera. The arrow shows the laser diode light wavelength, which was used for the FS fluorescence excitation. The spectra of an FS aqueous suspension were taken from http://probes.invitrogen.com/media/spectra/data/ 8807h2o.txt and are spectrally non-corrected Fig. 2 Schematics of fluorescence imaging measurements. BB, black box; CCD, charge-coupled device camera; F, cutoff glass filter; L, lens; LD, laser diode; PC, computer; PS, power supply and CCD signal amplifier; Θ, angle of the excitation light beam incidence. LD light is incident on the sample. Emission (dashed lines) is collected on the CCD elements by the lens via the cutoff filter. PS amplifies the CCD signal and transfers it to PC for resulting image capture. Setups A and B allowed measuring fluorescence at 180°and 90°to the excitation direction, respectively. The black box BB in setup B is a side view of it in setup A diode light beams were incident on the slab surface at the angle Θ=25°from the normal to the imaging plane. Another three diodes provided illumination at Θ=−25°. Because of divergence, the sample illuminations by the individual laser beams were strongly overlapping at the sample surface resulting in the homogeneous excitation on the surface plane. We considered total excitation illumination to be incident on average perpendicular to the slab surface because of equal illumination from the +25°and −25°sides and the non-collimated laser diode beams.
A red-NIR-sensitive CCD camera consisting of a 512× 512 back illuminated CCD element and 14/16-bit ST-138 analog-to-digital converter were run in 16-bit mode (Photometrics, Tuscon, Az). The camera measured fluorescence passed via a Nikon Micro AF60 lens (aperture 6-9 mm) and a LOMO (Russia) KC-18 cutoff glass filter (50% transmittance at 680 nm) either from the sample surface ( Fig. 2A) or from its side (90-degree from the excitation beam, Fig. 2B ). Binning (2×2) was performed to produce final images with 256×256 pixels resolution. The KC-18 glass filter cuts off the excitation light almost completely but transmits more than half of the FS fluorescence ( Fig. 1) .
For the setup shown in Fig. 2A emission was collected perpendicularly from either the apex or base sides at the distance from the lens aperture to the sample surface of 45 cm, which provided the focused image capture from an area of 100×100 mm, which resulted in area resolution of 0.39×0.39 mm=0.153 mm 2 per pixel. When the fluorescence was measured from the side of the slab (Fig. 2B) , the distance from the aperture to the surface of 20 cm provided a focused image with the area resolution of 0.19×0.19 mm= 0.038 mm 2 /pixel.
Results and discussion

Measured fluorescence images
On average, pig heart tissue of 200-210 g occupied about 190-200 ml according to the muscle density of 1.06 g/ml [11] . Therefore the calculated mean concentration of FS in the cardiac tissue in our experiments was 5×10 6 /200=2.5× 10 4 beads/ml, assuming homogeneous distribution across the heart. In reality the distribution is heterogeneous and is determined by variations of blood flow in different parts of the heart as is clearly seen in fluorescence images of both the apex and base sides of the cardiac slab ( Fig. 3b ; see setup in Fig. 2A ). Below we present evidence that this heterogeneity directly reflects heterogeneity of fluorescent microspheres distribution across the slab.
To find the dependence of fluorescence intensity of FS in cardiac tissue across the side cut along z direction (z-y plane, see setup in Fig. 2B and fluorescence images in Fig. 3c ) at various depths of the slab when excited from (Table 1) was divided into eight equal parts of H/8 height and parallel to the slab surface (see example of the h z -rectangle in ROI B3, Fig. 3d ). The fluorescence intensities at each pixel in such an eighth ROI (ROI/8) were averaged and assigned to the middle of ROI/ 8 (h z in Fig. 3d and Table 2 ). Then, the averaged intensities were plotted versus h z and fitted by exponentials with high correlation coefficients ( Fig. 4 ; Table 1 ). Here, the exponential decrease reflects light scattering-dependent attenuation of the excitation light penetration with the increasing depth.
Light attenuation in tissue
Such light attenuation has been predicted for turbid media [12] [13] [14] [15] . The incident exciting light E o attenuates exponentially and is, in general, equal to EðzÞ
at any depth z (see the axis system in Fig. 3 ). R F is the reflectance of the excitation light from the surface and depends on the polarization state of the incident light according to Fresnel equations. μ t = μ a + μ s , where μ a and μ s are absorption and scattering at the excitation wavelength in cm −1 , respectively. Here, μ s means a reduced scattering coefficient which differs from the scattering coefficient by a factor (1 -g) where g is an anisotropy parameter (for example, see Refs. [5, 17] ). For biological tissues, g is in range of 0.7-0.9 [17] .
The absorption μ a is a product of the extinction coefficient and concentration of fluorophore. It consists, mostly, of FS absorption because the tissue in formalin did not contain myoglobin and hemoglobin while mitochondrial cytochrome c oxidase heme absorption is negligible at 653 nm according to a diffuse reflectance spectrum (not shown here). μ a =8.6×10 −4 cm −1 was calculated for FS of 17 μg/mg dye/polystyrene, 1.06 g/ml of polystyrene density (Molecular Probes data), 2.5×10 4 beads/ml and estimated extinction coefficient of about 1 cm/mg. This μ a value is much lower than μ t found experimentally (Table 1) . Therefore, the scattering prevails in the total light attenuation, μ t ≈ μ s . Although the cardiac tissue has a fibrous Table 1 Parameters of the exponential fitting y = Aexp(-αz) the fluorescence decrease (Fig. 4) A, pre-exponential factor, A = E 0 ϕμ a0x /μ s (see text for details); H, height of ROI (see Fig. 3d) ; h z = H/8, height of rectangle taken for emission averaging; H 0.95 is the depth at which the tissue slab may be considered as a semi-infinite turbid medium with an accuracy of 95% (see text and Fig. 5 ); H 2e is the height of the tissue layer, which provides a critical part of the total fluorescence; R, correlation coefficient; ROI, rectangle of interest (see Fig. 3d) ; α, exponential factor, α ≈ μ s , (see text for details) 
F xy is an (x,y)-map of fluorescence intensity emitted in the back direction, i.e. is a fluorescence image of the apex or base side of the slab as shown in Fig. 3b . Eqs. 8 and 9 were derived from Eq. 3 according to: lim
H exp(-2μ s H) = 0; Eqs. 11 and 12 were derived from Eq. 5 and 6 according to: lim
structure, macroscopically it is isotropic. Respectively, we consider μ s , is the same in all directions. Because R F =0.028 when polarized light penetrates from air to muscle (n=1.4; [16] ) at the 25°angle of incidence (see Experimental section), the factor 1 -R F ≈ 1 in our case.
Therefore, we consider the excitation light to decay exponentially, EðzÞ ¼ E o exp Àm t z ð Þ. A fluorophore at depth z emits with a quantum yield ϕ in stereo-angle of 4π. The concentration of FS may vary in all directions of the slab (x,y,z). According to the excitation beam and collection of fluorescence setup (Fig. 2) , the z-direction was selected for each (x,y) pair, μ +xy (z) for excitation, μ −xy (z) for emission in the back direction, and μ yz (x) for emission in the x-direction. The absorption part μ a of μ t is significant (even though μ a >> μ t ) in the (+)z-direction and (+)x-direction as it determines the fluorescence. For the (-)z-direction, μ a is insufficient, and μ t ≈ μ s (see above). In other words, m þxy ðzÞ ¼ m a ðzÞþ m s ; m Àxy ðzÞ ¼ m s and m yz ðxÞ ¼ m a ðxÞ þ m s .
Therefore, the attenuation of the exciting light which travels to depth z is EðzÞ ¼ E o exp Àm s z ð Þ similar to Ref [17] . Optical isotropy of cardiac tissue allows considering the same μ s value in all directions.
Emission in back direction
Emission collection at the fluorescence imaging in the back direction ( Fig. 2A) occurs within a small angle of 0.4º at a lens aperture of 6 mm. For the perpendicular direction (Fig. 2B) and the same aperture, the emission collection angle was 1.7º. The emission beam leaving the tissue of refractive index of n=1.4 [16] to the air (n=1) changes its direction according to Snell's law and deviates from the normal even more than in tissue. Estimation shows that to be trapped by the CCD camera via the lens, the emission beam should deviate from the normal by less than 0.3º or 1.2º at the distance of 45 or 20 cm, respectively. Therefore, we considered that in both setups shown in Fig. 2 , the emission collection was perpendicular to the surface emitted the fluorescence.
Because of the optical isotropy of the cardiac tissue, dF xy ðzÞ ¼ dF 0xy exp Àm s z ð Þ is a portion of the total fluorescence emitted from the point (x,y) at the depth z in stereoangle Ω. In general, the fluorescence intensity is proportional the total absorption (1 -T) where T = 10 -μz is the excitation light transmittance of the sample. In our case, this results in the expression: dF 0xy ¼ EðzÞφ 1 À exp Àm þxy dz h i dzdΩ, where μ +xy = μ a (z) (μ s is ignored because it does not determine fluorescence) and ϕ is the quantum yield. As μ a dz << 1, the approximation [1-exp(-μ
be skipped when the calibration measurements are performed under the same stereo conditions, or the same setup of image measurements is used for different samples. The reabsorption of fluorescence by the dye is insignificant because the absorption and emission spectra overlap mostly in the wavelength range where the emission is cut off by the glass filter. Specular reflection and diffused reflectance of the 650 nm excitation light also do not contribute to the CCD camera signal because of the blocking by the cutoff filter.
Taking together the excitation and emission attenuation, the fluorescence intensity dF xy (z) emitted from depth z at any point (x,y) on the slab surface in the back direction is:
The total fluorescence emitted from the slab in the back direction should be an integral of intensities emitted from all depths z:
If absorbance changes linearly with the depth, m a ðzÞ ¼ m a0z þ b az z: and μ s is a constant (see below), then the following relationship holds:
F xy is an (x,y)-map of fluorescence intensity emitted in the back direction, i.e. is a fluorescence image of the apex or base side of the slab as shown in Fig. 3b . Table 2 shows Eq. 3 related to various critical cases of depth H and light absorption of FS. Obviously, the heterogeneity of F xy across the slab surface is determined by the heterogeneity of μ a0z and β az . Fig. 4 Dependence of the averaged intensity across the ROI/ 8 rectangle on the depth h z . Curves A1, A2, A3, B1, B2 and B3 refer to the ROI in Table 1 and Fig. 3d . See Table 1 
For the x-direction, the fluorescence originated in x cm from the cut side in Fig. 3c and emitted from the slab in the perpendicular direction (setup in Fig. 2B ) is dF yz ðxÞ ¼ F 0 exp Àm s x ð Þdx. When fluorescence is collected in the perpendicular direction x as shown in Fig. 2B , the fluorescence intensity originated from the depth x at any point (y,z), is:
Total fluorescence originated from all depths x in the perpendicular direction and emitted from the slab at a certain coordinate y is a function of z:
where
The limit L may approach infinity for the semi-infinite slab. However, in practice L may be a distance, at which the slab may be considered as semi-infinite tissue in the xdirection (see Table 2 ).
Equation 5 describes the exponential reduction in the zdirection shown in Fig. 4 . Obviously, the pre-exponential factor A in Table 1 is A = E 0 ϕB/μ s . The exponential factor α = μ s indicates that the exponential reduction in Fig. 4 is a result of light scattering only.
The two setups in Fig. 2 imply changes of emission intensity in two directions: x (perpendicular) and z (back). Directions x and y are equivalent as two independent axes on the slab surface. Therefore, all formulae related to the xdirection, are valid for the y-direction with the index or variable x replaced by the index or variable y.
Relationship between total emission and absorbance From Eqs. 7 and 8 (Table 2) , the total fluorescence is proportional to absorbance and, hence, concentration of fluorophore when the absorbance is constant (homogenous distribution of FS) through the slab depth.
When absorbance linearly depends on depth m a ðzÞ ¼ m a0z þ b az z, the total emission is a function of both absorbance at the surface μ a0z , the slope β and the exponential coefficient μ s (see Eq. 9). The slope β may be presented as a function of absorbance at two sides of the slice: b ¼ m ba À m ap =H, where μ ap and μ ba are μ a0z at apex and base sides, respectively. Let's consider β > 0 which means the increase of the absorbance from the apex to the base side μ ba > μ ap . This does not depend on whether the apex or base side is excitation illuminated. At the apex side illumination, Eq. 9 is valid, and F xy = F ap . With the base side illuminated, Eq. 9 should be transformed to
This equation means that the mean absorbance μ m of FS across the slab is proportional to the sum of the normalized total emissions of FS in the slab excited from both sides.
Semi-infinite slab
The normalized total emission approaches the unity at H → ∝ (Fig. 5) . From the practical point of view, when the depth H has a real value, a reasonable question is what is the depth H, at which the slab might be considered as semi-infinite tissue. The criterion here is the error of the emission intensity measurement. When μ a (z) = μ a0z is constant, an error p (in %) determines the equation: exp(-2μ s H) = 0.01p. In other words, at the depth H > H 1Àp ¼ ln 100=p ð Þ=2m s , the tissue slab may be considered as a semi-infinite turbid medium with error of p%. At 5% error, H 0.95 varied from 4.5 to 8.3 mm (Table 1) . These values are close to the light path length of 4.6±0.7 mm [18] at 740 nm in rat heart perfused with neodymium chelate, which served as a light-absorbing Fig. 5 Total emission in the back direction calculated with Eq. 7 and plotted versus depth h z defined in Fig. 3d . Parameters in Eq. 7 were taken from Table 1 (ROI is B1) assigning A = E 0 ϕμ a0z . The emission was normalized to the asymptote value of A/(2 μ s0 ). H 0.95 is the depth at which the tissue slab may be considered as a semi-infinite turbid medium with accuracy of 95% (see text) chromophore. Therefore, the cardiac tissue slab may be considered as a semi-infinite medium when the total depth is less than 8-9 mm if the fluorescent microspheres are distributed homogeneously.
When m a ðzÞ ¼ m a0z þ b az z, H 1-p may be obtained from the equation F/F 0 = 1 -0.01p where F is from Eq. 9 and F 0 is from Eq. 8 (Table 2) . Although Eq. 8 relates to the condition μ a (z) = μ a0z , not to the linear distribution, within a thin surface layer in which the emission is maximal, we can assume the FS distribution is homogeneous.
Critical layer
Because F(z) reduces non-linearly with depth h z , the volume of fluorescent tissue, what is the thickness of a critical tissue layer, which provides the most of the total emission? In Fig. 3d , such a critical layer occupies the upper part of each rectangle. The critical layer thickness H c can be defined as the distance in z-direction (depth H c ) at which the fluorescence intensity is reduced by 2e-times: H c=2e = 1/μ s . For α = μ s from Table 1 , the critical part of the total emission from cardiac tissue originates from the layer of 3-5 mm (Table 2) .
Both H 1-p and H c values depend on p and c, which are voluntary and may be chosen using the criteria. Formally, H 1-p and H c differ only by a factor ln(100/p)/2. But, by the meaning, H c relates to the quantity of total fluorescence emitted from the slab opposite to the direction of the excitation beam while H 1-p shows a limit, at which the slab may be considered as a semi-infinite turbid medium. Obviously, these two parameters may have the same value H 1-p = H c , if p = 100/e 2 .
Concluding remarks
The equations in Table 2 may be used as an approach for a reconstruction of 3D fluorescence intensity distribution inside biological tissue employing experimental 2D images measured from the fluorescent surface. It should be emphasized that light scattering and absorption properties of biological tissues are wavelength dependent. In our case, the excitation was monochromatic (653±5 nm) while a cutoff filter in the emission collecting part of the instrument transmitted fluorescence of FS in the wide wavelength range related to the full range of the emission spectrum (>660 nm). Both H 1-p and H c from Table 1 were obtained for emissions averaged over the emission spectrum of FS.
